Two-dimensional quantitative images of the density of chlorine in a supersonic expansion are produced with an absolute accuracy of 5% in 150-,am pixels by using optical absorption tomography. An incoherent arc-lamp source provides ample ultraviolet radiation for high-resolution optical absorption tomographic measurements. A measurement of the chlorine absorption coefficient is reported.
Tomography is a technique for reconstructing a twoor three-dimensional image of an object. Unlike most optical imaging techniques, which view the object from outside the image plane, tomographic imaging reconstructs the object from a set of projections that lie within the image plane. Although an algorithm for tomographic reconstruction has been known for almost 70 years, 1 it had not been used for practical applications until recently. With the increased availability of computers, it has come to be used in many fields, 2 ' 3 particularly medical imaging.
At optical wavelengths, tomography is a nonintrusive diagnostic technique for studying fluid flows, 4 ' 5 flames, 6 optical fibers, 7 optical-fiber preforms, 8 and other optically transparent systems. Gases or other media may be probed directly, avoiding the use of seed particles. Two-or three-dimensional fields of density or temperature with excellent spatial resolution can be reconstructed from measurements of either the imaginary part (absorption) or the real part (phase) of the index of refraction. Absorption measurements permit the determination of temperatures and concentration densities of multiconstituent systems, whereas phase measurements can give total density, or temperature for isobaric systems. Because the real or imaginary index of refraction is measured directly, tomography can provide absolute measurements.
Optical tomography experiments have been performed by using both absorption 4 ' 6 and phase measurements. 5 ' 8 Reconstructions of the real part of the index of refraction have also been completed from scattering measurements for axially invariant systems with inversion axial symmetry. 7 To date, the quantitative nature of optical tomography has not been demonstrated. In this Letter we show that optical absorption tomography can provide two-dimensional quantitative images. We have selected a supersonic expansion from a nozzle for study because the theoretical density variation in a supersonic jet is well understood.
9 "1 0 The theory of the jet expansion provides an accurate check of our experimental results.
All previous high-spatial-resolution optical absorption tomography experiments have used lasers. Imaging with coherent light is affected adversely by noise from speckle and other interference effects. 4 An incoherent source avoids these problems and is also simpler and less expensive than a laser source. We demonstrate that an arc-lamp source and an interference filter provide ample illumination for tomographic absorption measurements.
The images in this Letter have been reconstructed from absorption measurements. In addition to providing species-selective sensitivity, the use of absorption avoids the stability requirements and the fringecounting ambiguity of interferometric phase measurements. The absorbing medium is chlorine, which has several useful properties for this application. Chlorine has a strong absorption centered at 328 nm. This ultraviolet photodissociation has a broad spectral width, 60 nm. The cross section has no pressure dependence, and temperature causes a variation of only 5% over the entire expansion, which corresponds to temperatures of 250 K and below. 11 There is a range of plenum (upstream) pressures that yield large absorptions yet neither cause the chlorine to condense nor make the back (downstream) pressure too high. As the back pressure rises, the size of the expansion decreases, and the absorption in the background gas becomes significant.
With constant plenum and back pressures the expansion reaches steady state. For a steady-state flow, the multiple views required for tomographic imaging may be taken sequentially, simplifying the optical and data-acquisition systems. To maximize the size of the supersonic expansion, we expanded the gas into a vacuum. To avoid exceeding the pumping capacity of the vacuum system, we had to make the nozzle diameter small. The nozzle used has an orifice of 0.88 mm. Figure 1 shows the gas-flow, optical-imaging, and data-acquisition systems. The ultraviolet radiation source for the imaging system is a high-pressure, short-arc mercury lamp (Advanced Radiation Corporation Model HSA-100HP) with an arc diameter of 0.3 mm. The radiation from the arc is collimated with a 4-cm lens to within 8 mrad. The divergence is due to the finite size of the arc source. The ultraviolet radiation is filtered by a tilted spike filter, resulting in an 8-nm bandwidth centered about 328 nm. The light passes through the flow chamber, constructed from a OPTICS LETTERS / Vol. 11, No. 7 / July 1986 fused-silica dye cell, and onto a 1024-element photodiode array with a fused-silica window. A second lens images the central plane of the nozzle onto the diode array, minimizing the reduction of resolution due to diffraction and beam steering, and effectively performing optically the backpropagation discussed by Devaney.1 2 The imaging lens magnifies the flow onto the detector array by a factor of 1.8.
The chlorine flows in a closed system, supplied by a regulated gas cylinder adjusted for a plenum pressure of 1.5 atm. A cold trap freezes the chlorine before it reaches the mechanical vacuum pump. The cold trap and the vacuum pump together maintain a back pressure of about 1 Torr. The chlorine is removed by bubbling it through sodium hydroxide. The plenum pressure is measured with a stainless-steel pressure transducer, and the plenum temperature is measured with a thermocouple. The nozzle may be rotated without opening the vacuum system to obtain the multiple views required for tomography. A PDP11/44 computer performs the data acquisition and the image reconstructions. The photodiode array signal is digitized on a transient digitizer. A single scan requires 82 msec. The electronics can run 10 times faster, but they are slowed to integrate more light on the photodiode elements. A normalization scan of the photodiode array, with the arc lamp on but no chlorine flow, and a baseline scan, with the arc lamp blocked, are taken before each data set is recorded. A data set includes digitized values for the photodiode signals and the plenum temperature and pressure. To increase the signal-to-noise ratio, five scans of the photodiode array are averaged for each view.
Because there is little angular variation in the flow, a few views are sufficient to give accurate reconstructions. Six views 30° apart are used for the reconstructions reported here. Reconstructions are completed by using the convolution backprojection algorithm for parallel beam geometry with the Ram-Lak filter. The algorithm and filter are described by Ramachandran and Lakshminarayanan.1 3 The Ram-Lak filter is convolved with a binomial filter, 1 4 lowering the spatial resolution while increasing the signal-to-noise ratio. 1 5 This processing is equivalent to filtering the data but need be performed only once. To minimize artifacts in the reconstructions, the reconstructions are performed with 100 views. The additional views are obtained by interpolation from the original six.
Knowledge of the absorption coefficient of chlorine allows us accurately to assign absolute values to the reconstructions. The absorption coefficient is defined by I = Io10-1, where Io and I are the incident and transmitted intensities, respectively, c is the concentration in moles/liter, and I is the absorption path length in centimeters. Initially, we used literature values for the chlorine absorption coefficient to calculate the density in the expansion. When reconstructed densities did not agree with the theoretical values, we made our own measurement of the absorption coefficient by filling the flow cell with static chlorine. Transmitted intensities from the filtered arc-lamp source were measured for pressures of chlorine from 10 to 360 Torr. We corrected for the temperature variation of the absorption coefficient by using an experimentally confirmed 11 theoretical expression 1 6 for the chlorine line shape. The broad spectral width of the tilted interference filter was taken into account by convolving its spectral transmission with the theoretical chlorine line shape. The lamp spectrum and the photodiode sensitivity were both assumed to be spectrally flat over the bandwidth of the interference filter. From these measurements, we found that our 99.5% purity chlorine had an absorption coefficient about 7% lower than expected. Higher-purity chlorine (99.99%) was then used, for which the measured absorption coefficient was e = 70.7 + 1.4 liters/cm-mole, which agrees well with published values (70, 71.6, 73.3).11
These absorption-coefficient values have been referenced to an equivalent temperature of 0 K at line center.
When the measured absorption coefficient is used to convert reconstructed absorption values to density values, the spectral width of the interference filter is again corrected for by convolving with the theoretical The experimental curve in Fig. 3 is a section through from the same data but on a finer grid. This plot contains 100 points. For comparison with theory, we have plotted density normalized to the plenum density rather than absolute values. The peak density is 2.65 X 10-4 g/cm 3 , or 2.25 X 1018 molecules/cm 3 . The measured density asymptotically approaches a value of 4 X 10-6 g/cm 3 , which is the background gas density.
The estimated accuracy in the absolute density is 5%.
The theoretical density for this nozzle diameter and height above the nozzle is also shown in Fig. 3 . The theoretical density is calculated with the algorithm of Sherman. 1 7 The algorithm uses the method of characteristics, which assumes an isentropic expansion of a perfect gas. 9 This theory has been shown to be quite accurate. 1 8 The Mach number at the plane of the orifice was assumed to be 1.01. Our reconstruction compares very well with the theory. The rms error between the experimental curve and the theoretical curve is 3%. We note that there are no free parameters in this fit, and the calculations of the two curves are entirely independent. The theory is valid only out to the first shock wave, which is a barrel shock at a radius of about 1.7 mm. Because the back pressure was not well controlled from one view to the next, this shock is not resolved. For this height and back pressure, the movement of the shock is not a significant source of error. By imaging a supersonic expansion we have shown that optical tomography can provide quantitative twodimensional measurements of gas density. In addition, we have demonstrated that absorption tomography can be performed with incoherent blackbody sources. In the future pyroelectric arrays or infrared photodetector arrays could be used to perform infrared absorption tomography on selected molecular transitions.
